We detect a relaxation process of excited SQ02 dye in the chlorobenzene solution and anchor SQ02 on Al 2 O 3 and TiO 2 film, so as to investigate the photophysical properties of pristine SQ02 in the monodisperse system, aggregation state, and the corresponding interfacial electron transfer process. The experimental data show that the lifetime of SQ02 in the monondisperse system is ∼2.0 ns, but that of SQ02 anchored on the Al 2 O 3 film could obviously decrease to ∼21 ps. The time of electron transfer from excited SQ02 to TiO 2 film is estimated to be ∼2.6 ps and the yield of electron injection is estimated to be ∼89.1%, which matches the incident photon to current efficiency of dye-sensitized solar cell based on SQ02. In addition, some dyes are found to pack on the other dyes anchored on the nanocrystal film, and their relaxation time could reach ∼60 ps. They couldn't participate in the interfacial electron transfer, since they are far away from the TiO 2 interface.
I. INTRODUCTION
The dye-sensitized solar cell (DSSC) is one of the most attractive next generation solar cells, due to its potential low cost, variable architecture, and flexibility [1−5] . The power conversion efficiency (PCE) of DSSC based on Ru complexes [6] has reached ∼11%. Based on multi-organic dyes anchored on TiO 2 film, the PCE of organic DSSC could achieve ∼12.3% under simulated air mass 1.5 Global sunlight and reach an even higher value of 13.1% at 509 W/m 2 (50.9% Sun) [7] . In comparison with the expensive ruthenium based sensitizers, many metal-free organic sensitizers have been synthesized [8, 9] , which own outstanding photophysical properties and especially high molar extinction coefficients. In order to further improve the performance of DSSC, people gradually broaden the harvesting region of sunlight through narrowing the bandgap of organic dyes [10, 11] . Meanwhile, it is necessary to carry out a high efficient vectorial electron transfer from the lightharvesting dye toward the semiconductor surface, which acts as another important factor for improvement of the short current of photovoltaic devices. In order to obtain high performance of photovoltaic device, people need to achieve a balance between the narrowing of bandgap and the high efficiency of electron injection. Note that the latter is an important step for converting from photon to electron [12, 13] , which is composed of multi-dynamics, such as the relaxation of excited dyes and the interfacial electron transfer process. Generally speaking, modulating the interfacial electron transfer process based on the low bandgap dye could be a tendency for improving the performance of DSSC. The DSSCs associated to ruthenium-based dyes [14, 15] , porphyrin dyes [16] , and triphenylamine dyes [17] , etc. have been reported. Transient absorption (TA) spectroscopy and femtosecond fluorescence up-conversion techniques, acting as power instruments, are much useful for understanding these fast dynamic processes, since these relative processes occur on a sub-picosecond or even faster time scale.
An unsymmetrical squaraine dye,
-indolium with carboxylic acid as anchoring group (SQ02, shown in Fig.1 ), is one kind of indole type organic dyes and its absorption edge could reach up to ∼700 nm in chlorobenzene (CB) solution, which is benefitical for harvesting many photons in the visible region. The PCE of DSSC based on SQ02 could be up to 5.4% and the IPCE may reach 85% [18] . This kind of indole type sensitizers have a huge potential in the development of organic DSSC, however there have been very few reports on its photo-physical characteristics and the corresponding interfacial electron transfer process. In order to further increase the PCE of DSSC based on metal-free dyes, it is necessary to understand the basic photo-physical processes occurring at the interface in DSSC [19] . Femtosecond TA spectroscopy [20] is one of the time-resolved spectroscopy techniques, which could offer the dynamic information of interfacial electron transfer occurring in the DSSC based on organic dye [21, 22] .
Herein, we detect the photoexcitation dynamics of SQ02 in CB solution, and anchor SQ02 on the Al 2 O 3 and TiO 2 film by using femtosecond TA spectroscopy with a time resolution of ∼150 fs. Firstly, we offer the photo-physical behavior of SQ02 in the solution. And then, we use the relaxation process of SQ02 anchoring on the Al 2 O 3 as counterpoint to investigate the electron injection process occurring on the SQ02/TiO 2 interface, which could be beneficial for us to understand the structure-dynamic relationship.
II. EXPERIMENTS
The chemicals were all purchased from Lumtec Technology without further purification. A 5-µm-thick transparent layer of 20-nm-sized TiO 2 nanocrystal film is used in the layer film and a transparent Al 2 O 3 film with similar thickness is used as reference film. The concentration of SQ02 in CB solution is ∼10 µmol/L for spectral measurement and ∼1.5×10 −4 mol/L for sensitizing the Al 2 O 3 and TiO 2 nanocrystal films. The corresponding semiconductor films may be washed by the CB solvent and dried in air after sensitization. The sensitization time was ∼10 h.
Steady-state absorption measurements were carried out using a UV-Vis spectrophotometer (Purkinje, TU-1810PC). Photoluminescence (PL) spectra were recorded by a fiber optic spectrometer (Ocean Optics, USB4000) with excitation pulse at 600 nm. The femtosecond TA measurement has been reported anywhere. Herein, we employed a mode-lock Ti:sapphire femtosecond laser system (Coherent), which offers 2.0 mJ, 130 fs pulses at 800 nm with a repetition rate of 1 kHz. The output of femtosecond laser beam was split into two parts, the major one pumps the optical parametric amplifier (TOPAS, Coherent), which provides an excitation pulse with wavelength of 600 nm. The minor one was focused into a 3 mm quartz cell filled with water to generate a white light continuum as the probe beam. The pump beam was continuously chopped by the optical chopper and finally focused into the sample cell after passing through an optical delay line, while the probe beam was also focused onto the sample to overlap with the pump beam before it travels through a monochromator. The time-dependent transmittance change was detected by a photomultiplier tube (Zolix, PMTH-S1-CR131) connected to the lock-in amplifier (SR830, DSP). The solution is filled with a 1 mm quartz cell. In the wavelength-dependent dynamic measurement, the excitation intensity is 20 µJ/cm 2 . All measurements were carried out at room temperature.
III. RESULTS AND DISCUSSION
As seen in Fig.2(a) , the absorption spectrum of SQ02 in a monodisperse system obviously consists of a main absorption peak at 664 nm and a shoulder at 613.5 nm, which shows a narrow absorption band. As a consequence of the extended π-conjugated system, its absorption edge in CB solution is closed to 700 nm, indicating it could harvest a large number of photons in the red part of visible region. The photoluminescence (PL) spectrum of SQ02 in CB solution shows a good enantiomorphous feature in comparison with its absorption spectrum, and is also composed of a main PL peak (678.5 nm) and a shoulder (734.5 nm). The bandgap of SQ02 could be estimated from the intersection point between the normalized absorption band and PL band, which is ∼1.847 eV. Meanwhile, the Stokes shift, given by the frequency difference between the emission maximum and the absorption peak, is ∼339 cm −1 , indicating that the configuration is not much altered when the sensitizer going from the ground state to the excited state [10] . When the SQ02 is anchored on Al 2 O 3 film (as seen in Fig.2(b) ), its absorption band may broaden in comparison with that in CB solution due to intermolecular interaction and is also composed of two ab- sorption bands at 614 and 670 nm. In addition, its absorption band edge could reach ∼750 nm, so the region of light harvesting obviously improves due to the molecular aggregation. Since the conduction band of Al 2 O 3 is higher than the LUMO of SQ02, no injection electron could occur at the interface of Al 2 O 3 . Its PL spectrum is presented in Fig.2(b) , which also contains a main peak at 705 and a shoulder at 807.5 nm, respectively. Herein, the bandgap and the Stokes shift of SQ02 anchored on transparent Al 2 O 3 nanocrystal film could be 1.787 eV and ∼729.3 cm −1 . When the SQ02 is anchored on TiO 2 film, its absorption spectrum is much similar to that anchored on Al 2 O 3 film in the region from 550 nm to 750 nm, indicating that the molecular gesture of SQ02 anchored on TiO 2 should be similar to that on Al 2 O 3 film, and the photophysical behavior of SQ02 anchored on Al 2 O 3 film could act as a reference in comparison with that on TiO 2 film [23] . Since the conduction band of TiO 2 film is lower than the LUMO of SQ02, the interfacial electron transfer could occur in the interface between the sensitizer and the TiO 2 nanocrystal after photoexcitation, which leads to the PL quenching of SQ02 anchored on TiO 2 nanocrystal and the corresponding PL spectrum is not presented in this work.
So as to understand the relaxation character of SQ02 in the excited state, the time-dependent TA spectra of SQ02 in CB solution are presented in Fig.3(a) . These TA spectra are complex, which consists of one positive band and two negative bands. The positive spec- tral feature and its shoulder at ∼655 and 750 nm should be assigned to the ground state photo-bleaching (GSPB) and stimulated emission (SE), since their positions are overlapped with the ground state absorption and PL. According to the steady-state absorption spectrum, two broad negative bands at 520 and 850 nm should be assigned to the excited states absorption (EA). In addition, their similar relaxation behaviors suggest that they should be originated from the same transient species (TS) generated after photoexcitation. The corresponding GSPB and EA curves at 680 and 820 nm are shown in Fig.3(b) and both of them are fitted by mono-exponential function. The fitted results show that their lifetimes are 1.9 ns (GSPB) and 2.0 ns (EA). The similar relaxation lifetime indicates that the TS should come from single-single transition and the localized exciton relaxation is dominant in the relaxation process of excited SQ02 in a monodisperse system.
In the condensed phase, we offer the TA spectra of SQ02 anchored on Al 2 O 3 nanocrystal film at different delay time, which also contains one positive spectral band at 660 nm and two negative bands at 520 and 850 nm, as seen in Fig.4(a) , moreover, the shape of TA spectra is similar to that of SQ02 in CB solution, but the GSPB becomes broader due to molecular aggregation, which is similar to the variation of their absorption spectrum. It is noted that the relaxation process of ex- cited SQ02 in aggregation state obviously accelerates in comparison with that in CB solution. The TA curves at 540 nm (EA 1 ), 680 nm (GSPB) and 860 nm (EA 2 ) nm are presented in Fig.4(b) and fitted by using the multi-exponential function:
Their mean lifetimes are calculated as below:
It works by taking a weighted average of the lifetime. The fitted results show that their mean lifetimes of TS are 62.1 ps (540 nm) and 21.3 ps (860 nm), which should depend on transient species after photoexcitation. The intensity-dependent TA curves at 540 and 860 nm are presented in Fig.5 , which demonstrates that the slope of the TA curves increases as the intensity increases. The big slope of the line means the short lifetime, which indicates a faster decay process. So we have a comment that the percentage of fast decay process gradually enhances as the increasing with the excitation intensity. As the excitation intensity increases, the percentage of fast decay process gradually enhances, indicating that this fast decay process should be attributed to the exciton-exciton annihilation (EEA) process. The EEA and the subsequent component with a long lifetime in the TA curve at 540 nm are both longer than those at 860 nm. Generally speaking, the organic sensitizers on the nanocrystal film could be divided into two categories. In first situation, the dye is directly anchored on the Al 2 O 3 film, and in the second situation, the dye is packing on the sensitizers anchored on the Al 2 O 3 film through intermolecular π-π interaction [24] . Comparing with the TA curves at 540 and 860 nm, we consider that the fast one (at 860 nm) could be assigned to the relaxation process of I-SQ02 that is directly anchored on the nanocrystal crystal interface, and the slow one (at 540 nm) may be attributed to the decay of A-SQ02 packing on the other dyes. The arrangement of I-SQ02 is compact, but that of A-SQ02 is loose. Their molecular gesture could be responsible for the difference between their relaxation behaviors.
In order to investigate the interfacial electron transfer process from excited SQ02 to TiO 2 film, we offer the time-dependent TA spectra of SQ02 anchored on TiO 2 film as seen in Fig.6(a) . The initial TA spectrum is similar to that on Al 2 O 3 film, indicating that all transient species on TiO 2 film after photoexcitation are almost the same as those on Al 2 O 3 film. With the delay time prolongs, the peak of GSPB blue shifts from 670 nm to 650 nm. After 36 ps, the negative spectral signal in the blue region gradually disappears, but the other spectral features almost keep their intensity invariable. Multi-transient species may exist after photoexcitation and show different relaxation behaviors. The time-dependent spectral feature at 740 nm contains a transient species, which still exists in 1.9 ns, indicating that it should be assigned to the SQ02 + . Meanwhile, the time-dependent negative spectral feature at 520 nm should reflect the electron injection process from the excited SQ02 to the conduction band of TiO 2 nanocrystal, due to its fast relaxation behavior. In order to obtain the dynamic information in detail, we offer the corresponding TA curves at 520, 660, and 740 nm in Fig.6 (b) and all of them are fitted with multi-exponential function. The mean lifetime of the TA curve at 520 nm is ∼2.6 ps, showing that the electron injection time is much faster than those of SQ02 on Al 2 O 3 film. We could calculate the yield of electron injection according to the lifetime of interfacial electron transfer and the excited state of I-SQ02 in aggregation as mentioned below:
where Φ YEI is the yield of electron injection, k IET is the rate of interfacial electron transfer, k IER is the relaxation rate of interfacial excited SQ02. Finally, we obtain that the electron injection yield is ∼89.1%, which almost matches with the IPCE of DSSC based on SQ02.
The TA curve at 740 nm consists of two decay behavior with different relaxation rates. The former is fast and relax with a mean lifetime of 61.3 ps. The latter decays so slowly that its lifetime exceeds the window of our detection. Apparently the initial relaxation process has a similar dynamic behavior in comparison with that of A-SQ02 on Al 2 O 3 film (as seen from the TA curve at 540 nm in Fig.4(b) ), so we expected that this dynamic process may be also attributed to the decay of A-SQ02. Since these A-SQ02s are not directly linked with the TiO 2 nanocrystal, the electron isn't able to inject from the excited sensitizer to the conduction band of TiO 2 nanocrystal, and the excited SQ02 may relax to the ground state after photoexcitation. Finally, we summarize the dynamic process occurring on SQ02/TiO 2 film in Fig.7 . For the I-SQ02, the interfacial electron transfer and relaxation of excited sensitizer linked to the interface of TiO 2 nanocrystal could occur at the same time. But the former would be dominant and the corresponding yield of electron injection is estimated about 89.1%. For A-SQ02, they could not participate in the electron injection process, but directly relax to the ground state with time of ∼60 ps, which is similar to that on Al 2 O 3 nanocrystal film. Even though the TiO 2 active layers have been washed in solvent, the experimental data show that some A-SQ02 could exist on the nanocrystal films, which could affect the performance of the photovoltaic device.
IV. CONCLUSION
We detect the photophysical behavior of SQ02 sensitizers in CB solution, and also anchor SQ02 on Al 2 O 3 and TiO 2 films, so as to obtain the dynamic information of pristine SQ02 in a monodisperse system and the aggregation state, and the corresponding interfacial electron transfer information. The experimental data show that the lifetime of SQ02 can obviously accelerate, when they are aggregated together on the Al 2 O 3 film. When the sensitizers are anchored on TiO 2 nanocrystal, the electron could inject from the excited SQ02 to the conduction band of TiO 2 film with time of ∼2.6 ps and the yield of electron injection could reach ∼89.1%. In addition, some sensitizers are also packing on the other dyes anchored on the TiO 2 film. They could not participate in the interfacial electron transfer, but directly relax to the ground state.
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